Metabolomics, which aims at the comprehensive and quantitative analysis of wide arrays of metabolites in biological samples, is playing an increasingly important role in plant science. Various biological issues have been successfully studied by this holistic approach that includes global metabolite composition assessment, mutant characterization, taxonomy, developmental processes, stress response, interaction with environment, quality control assessment and mode of action of herbal medicine. This review summarizes the main mass spectrometry methods used for performing these studies and discusses the potential, but also the current limitations of the various approaches. The intention is not to cover exhaustively the field, which has considerably grown over about one decade, but to give a brief insight into the methods commonly employed and discuss some applications that reveal the potential of metabolomics in phytochemistry and systems biology.
The term metabolomics has recently emerged with other 'omics' technologies in biological research [1] and can be considered as a large scale analysis of metabolites in given organisms in different physiological states. Profiling the metabolome may actually provide the most ''functional'' information of the 'omics' technologies [2] by giving a broad view of the biochemical status of an organism that can be used to monitor significant metabolite variations. Indeed, because metabolites are the end products of the cellular regulatory processes, their levels can be regarded as the ultimate response of biological systems to genetic or environmental changes. At last, this information can be related with other systems biology approaches to assess gene function and provide a holistic view of a living system for its in-depth study [3, 4] .
With the recent important development of analytical methods and data mining, metabolomics has rapidly evolved to provide a global picture of plant molecular organization at the metabolite level. In plant science, a very important increase in studies related to plant metabolomics has been recorded over the last years [5] . As an example, this approach was found very effective for interrogating plant systems and solve issues such as the plant stress response [6] and planthost interactions [7, 8] . In phytochemistry and phytotherapy, metabolomics can be used for classification and characterization of different species of medicinal plants for quality control purposes, especially when the active principles are unknown. In 2005, the potential of the approach for a better understanding of the mode of action of herbal medication in relation with system biology was recognized in a perspective paper of Verpoort et al [9] . Further reports have confirmed the use of this approach to tackle issues related to the localization of active principles in medicinal plants by a combination of metabolic profiling and multivariate analysis [10] .
To illustrate the growth of interest in the application of metabolomic approaches in plant science, a search in SciFinder was conducted using the Boolean search string: (metabolomics OR metabolome OR metabolite profiling OR metabolite profile, AND plant AND mass spectrometry). As shown in Figure 1 , a very important growth of this field was recorded since the early 2000s and this tendency will continue with the technological advances recorded in analytical techniques and data mining.
This analytical approach remains challenging since the size of a plant or a fungal metabolome is still unknown (estimated to be a few thousand constituents) and large differences in physicochemical properties exist between plant metabolites.
Currently, two complementary approaches are mainly assessed for metabolomic investigations: metabolic profiling and metabolic fingerprinting. For the latter, the intention is not to identify each observed metabolite, but to compare patterns or ''fingerprints'' of metabolites that change in response to disease, toxin exposure, environmental or genetic alterations. On the other hand, metabolic profiling focuses on the analysis of a group of metabolites either related to a specific metabolic pathway or a class of compounds. In most cases, metabolic profiling is a hypothesis driven approach rather than a hypothesis-generating one. Based on the questions asked, metabolites are selected for analysis and specific analytical methods are developed for their determination. Both methods can be used in the search for new biomarkers [11] and are complementary. Once a biomarker has been evidenced without direct matching in a database, a dedicated procedure (target analysis) can be performed for identification. Furthermore, target analysis can be used when an accurate quantification is required.
In metabolomics, and unlike genomics and proteomics, a single analytical technique capable of profiling all of the low molecular weight metabolites of the cell does not exist [12, 13] . Among the different techniques enlisted for metabolome analysis, both mass spectrometry (MS) and nuclear magnetic resonance (NMR) represent key methods, each with advantages and disadvantages.
MS provides sensitive detection and the ability to identify metabolites based on MS or MS/MS spectra when libraries are available. Since the response is compound dependant, absolute quantification in metabolic profiling studies is currently not feasible. NMR can provide a more rapid analysis time, is nondestructive and allows metabolite identification [14] , but is much less sensitive than MS [13] . NMR is considered more reproducible than MS, especially for long term studies. For short term studies, MS represents, however, a good alternative, especially if the biomarkers of interest require high sensitivity of detection. Based on the literature search made for establishing Figure 1 , both MS and NMR approaches have been applied to approximatively the same extent and are very complementary. Today, the most powerful studies combine the advantages of MS and NMR spectroscopy [15] .
Since, sensitive detection of minor biomarkers is often required in plant metabolomics, only approaches related to mass spectrometry will be reviewed and discussed here. For NMR-based approaches the reader can refer to other excellent papers [14, [16] [17] [18] [19] .
Mass spectrometry platforms for plant metabolomics
Because of its ability to analyze multiple analytes with a high sensitivity, MS is playing an increasingly important role in the progression of proteomics and metabolomics. The main MS metabolomic platforms that are used are summarized below and can be divided into two main groups, direct and hyphenated methods [11, 13] :
Hyphenated methods with MS (a) Gas chromatography-MS (GC-MS) (b) Liquid chromatography-MS (LC-MS) (c) Capillary electrophoresis-MS (CE-MS)

Direct MS methods (d) Direct injection MS (DIMS).
Non-hyphenated MS methods enable the rapid and high-throughput screening of hundreds of samples, mainly for metabolite fingerprinting, but have limited quantification and metabolite identification capabilities. The coupling of MS with separation techniques (GC, LC or CE) ('hyphenated methods') is extremely powerful in terms of detection, quantification and identification of a wide range of
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Natural Product Communications Vol. 4 (10) 2009 1419 metabolites. Another advantage of the latter concerns the decrease of matrix effects, detrimental for the determination of low concentrated analytes. Hyphenation enables a bidimensional detection where each metabolite is resolved in both chromatographic (retention time) and mass spectrometric (m/z) dimensions. These approaches require rather long analysis time for the chromatographic separation (typically 10-60 min). The throughput can, however, be increased using faster techniques such as fast GC or UHPLC [20] . These methods can be used for both metabolite fingerprinting and profiling.
Many mass analyzers have been used for metabolomic applications [13] . Simple cheap mass analyzers, such as linear Quadrupole (Q), which provide low mass resolution, can be used in the hyphenated mode, especially when an efficient peak deconvolution is provided by the chromatographic method, such as in GC-MS. More expensive mass spectrometers, such as Time of Flight (TOF), that provide resolution up to 20'000 are, however, more and more used since they increase the resolution of the analytes in the MS dimension. Furthermore, TOF allow to obtain a very good mass accuracy (<5 ppm) and can be operated with a high acquisition frequency over a broad mass range compatible with rapid chromatographic methods and without compromising sensitivity. High resolution (HR) MS instruments are also used for direct analysis without separation and, in this respect, mass spectrometers such as Orbitrap (resolution of 100'000, accuracy < 1ppm) or Fourier Transform Ion Cyclotron Resonance (FTICR) (resolution > 100'000, accuracy < 1ppm), although expensive, are now becoming reference instruments for numerous studies. Many of these analyzers are used either alone (ion trap type of MS: LIT, QIT, Orbitrap) or in combination (TripleQ, Q-TOF) for performing tandem MS experiments (MS/MS or MS n ) that generate structure information by fragmentation of molecular ion species through collision induced dissociation (CID).
Gas chromatography-mass spectrometry (GC-MS:
GC-MS is a well-developed and robust tool used for more than 50 years. It has been one of the major analytical tools in the early developments of metabolomics. Modern capillary GC columns provide a high resolution separation of complex mixtures. Volatile compounds are directly monitored by GC-MS, while other metabolites of molecular mass less than about 300-400 Da can be analyzed after appropriate chemical derivatization [13] .
Different chemical derivatization procedures either for polar metabolites or non-polar metabolites are well established [2] . These processes allow the detection of various chemical classes including amino and organic acids, fatty acids and some lipids, sugars, sugar alcohols and phosphates, amines, amides and thiol containing metabolites. However, derivatization can introduce greater technical variability and complexity to the data, as a single metabolite can produce multiple derivatized metabolite peaks.
Most of the GC columns are silica capillaries of length 10-60 m with internal diameters ranging from 100 to 500 µm, externally coated with an imide layer to reduce column fragility and internally with a liquid stationary phase of thickness 10-50 µm. The stationary phase is generally obtained from siloxane or similar chemical composition, with varying percentages of different chemical moieties. DB5 (95/5 mix of methyl and phenyl groups) or DB17 (50/50 mix) stationary phases are generally employed in metabolomics. Separation of the constituents is optimized by an appropriate selectivity afforded by the column choice and can be modulated thanks to gradient temperature.
In GC-MS the most widely used ionization technique is the well-known Electron Ionization (EI) that provides a reproducible fragmentation of the molecular ion at 70 eV. GC-EI-MS can be employed for the identification or characterization of a metabolite through the use of commercially available mass spectral/retention index libraries. This represents a major advantage since searchable libraries of spectra are very limited in the case of LC-MS applications. In GC-MS, as an alternative, chemical ionization (CI) can be applied; it produces a 'soft' ionization and yields mainly molecular ion species and minimal fragmentation.
Beside earlier pioneering works, in 2000, two seminal publications really marked the beginning of GC-MS based metabolomics in the plant field [2, 21] . These works relied on the use of simple Q instruments. Over 300 metabolites were detected in polar extracts of potatoes [21] and 326 distinct compounds from Arabidopsis thaliana leaf extracts were automatically quantified [2] . From these early studies, the technique has become highly developed because of high sensitivity, high chromatographic resolution and wide range of detectable metabolite classes. The last developments in this field are related to the application of comprehensive GCxGC-MS.
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The method, for example, has been successfully applied to plants such as basil, peppermint and stevia for fingerprinting discrimination after PCA [22] .
Liquid chromatography-MS (LC-MS):
LC-MS has been applied to plant science more recently than GC-MS [23] . For metabolomics, the technique can be applied to an important range of metabolites extending to larger MW compounds up to 1000 Da presenting various physico-chemical properties. The sample preparation is minimal and no derivatization is generally required. Historically, a main challenge in LC-MS was to deal with the high liquid flow rates from HPLC, which are not compatible with the high vacuum required for the mass spectrometer. Since the early 1980s, a number of different interfaces have been developed to address this issue and overcome the difficulties [24] . The overwhelming popularity of LC-MS today is, however, largely due to atmospheric pressure ionization (API) interfaces, including electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI). For both ESI and APCI, ionization occurs at atmospheric pressure. A combination of high voltage and heat is used to provide the ionization that is needed for MS detection. In ESI, the high voltage field (3-5 kV) produces nebulization of the column effluent, resulting in charged droplets that are directed toward the mass analyzer. These droplets get smaller as they approach the entrance of the mass analyzer, a process referred to as 'ion-evaporation'. In APCI, heat is used to vaporize the column eluent, and then a corona discharge is used to ionize solvent molecules, which produce the analyte ions via several chemical ionization mechanisms. More recently, an alternative type of ionization source, termed atmospheric pressure photoionization (APPI), has become available. With a geometrical configuration similar to APCI, the ionization is produced by way of an ultraviolet (UV) lamp that produces 10 eV photons [25] . While mostly ESI is used for metabolomics, all these API methods have been applied. They can be complementary according to the nature of the analyte and/or the biological matrix. As a rule of thumb, polar and high MW metabolites are more suited for ESI, low MW compounds of medium to low polarity by APCI, while APPI covers an intermediate region in terms of MW and polarity.
Contrary to EI, these API methods are considered as soft ionization techniques and produce mainly molecular ion species either in the form of protonated molecules [M+H] + (positive ion mode, PI) or deprotonated molecules [M-H] -(negative ion mode, NI). Different adducts (e.g., [M+Na] + (PI) or [M+HCOO] -(NI)) are simultaneously produced, according to the solutes and the modifiers used. It is important to note that analyte ionization is largely compound-dependant and is mainly governed by either pKa (ESI) or proton affinity (APCI). In a good approximation, acidic molecules (e.g., carboxylic acids or phenolics) will mainly produce [M-H]in NI, while bases (e.g., alkaloids, amines) will generate [M+H] + in PI. Molecule fragmentation or partial declustering of the adducts can be induced in one of the high pressure regions of the ion beam from the source to the mass analyzer by CID either at the API source (in-source CID) or in conjunction with tandem or multistep MS experiments (MS-MS, MS n ) [26] . To maximise metabolome coverage, analyses in both positive and negative ion mode is recommended since some metabolites can be detected exclusively in only one single polarity mode. According to their duty cycle frequencies, some MS instruments can simultaneously perform this double detection in a single run.
Compared to GC-MS, a wider range of chromatographic stationary phases are available, including reversed-phase (RP), normal-phase (NP), and Hydrophilic Interaction Liquid Chromatography (HILIC) [27] . Ion-pair reagents for improving retention in RP phases can also be used [28] with some detrimental effect when MS detection is afforded. Most of the applications are, however, performed on C18 or C8 RP columns. The choice of column is strongly dependant on the polarity and the physicochemical properties of the metabolites that will have to be analyzed. Separation is generally performed using broad organic-aqueous RP gradients. Analytical columns with diameters of 1 to 4.6 mm are commonly employed. Short columns are selected for metabolite fingerprinting and longer columns with higher plate number for profiling studies.
The introduction of sub-2µm particle supports for HPLC and the simultaneous development of instrumentation able to deal with relatively high pressure (>600 bar), namely Ultra High Pressure Liquid Chromatography (UHPLC) represents an important step forward for crude extract profiling and metabolomics [29] . From a theoretical point of view, this lower particle dimension induces a concomitant increase in efficiency and optimal velocity, due to improved mass transfer [30] . Therefore, high throughput separations can be obtained with short column lengths for metabolite fingerprinting while
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Natural Product Communications Vol. 4 (10) 2009 1421 highly efficient separations are achieved with relatively long columns for detailed metabolite profiling [20] . Since this approach provides very narrow LC peaks, MS detectors with very fast response are generally mandatory and, in the recent years, UHPLC-TOF-MS has been recognized to be very efficient for studies of both plant and mammalian metabolomes [29, 31] .
Compared with GC-MS, LC-MS, when ESI is employed, is more prone to matrix effects or ionization suppression that can limit the reproducibility, accuracy, and sensitivity of relative quantification studies in metabolomics. Indeed, significant matrix effects can be observed when comparing highly divergent samples. However, an appropriate sample preparation or/and study of similar sample matrices decrease its impact on the acquired data [32] . The number of LC-MS applications in plant metabolomics is important and increases rapidly ( Figure 1 ). They include, for example, several studies on Arabidopsis thaliana [20, 33] , tomato [34, 35] , and have started also to be used for herbal medicine [29, 36, 37] 
Capillary electrophoresis-MS (CE-MS):
Capillary electrophoresis (CE) is a powerful technique for the separation of either polar or charged metabolites, offering high-analyte resolution. The separation mechanism fundamentally differs from LC and, therefore, CE can provide complementary or additional information on the composition of a biological sample. CE separations can be achieved in a fast and highly efficient way without the need for extensive sample pretreatment. Other advantages of CE include the very low -or even absence oforganic solvent consumption, the small amount of other reagents needed, and the use of simple fusedsilica capillaries instead of expensive LC columns. A drawback of CE is its relatively low concentration sensitivity due to the limited sample volume (nanoliters). The use of in-capillary preconcentration techniques can give further gain of sensitivity and the use of MS detection provides a powerful combination for performing rapid, efficient and sensitive analysis. Therefore, CE-MS has been recognized recently as an attractive complementary technique for metabolomic studies [38] . The method has been used to profile many bacterial extracts and has provided insight into processes such as energy uptake and bacterial growth. Metabolic pathways, such as the central carbon metabolism, play an important role in these processes and the metabolites involved in these pathways are often highly polar and charged compounds, which make CE-MS an ideal tool. Various studies were focused on E. coli metabolomics and, for example, metabolic changes in response to histidine starvation were studied. Three hundred and seventy-five charged hydrophilic intermediates in primary metabolism were analyzed simultaneously, providing quantitative data of 198 metabolites [39] . In plant science, several applications to crude extracts have been reported. A study on Genista tenera demonstrated that 26 components could be analyzed in much shorter analysis time (10 min) than with LC-MS (100 min) and the method was found particularly suited to the analysis of plant metabolites where concentration is not limiting [40] . For example, the dynamic changes in the level of 56 basic metabolites in plant foliage of Oryza sativa were studied at hourly intervals over a 24 hour period. Unsupervised clustering of comprehensive metabolic profiles allowed the classification of the biochemical pathways activated by the light and dark cycle [41] . While the technique is less extensively used than LC-MS, CE-MS applications for metabolomics have considerably increased over the last few years and represent a promising tool, especially for polar metabolites.
Direct injection MS (DIMS):
While MS methods hyphenated to chromatography have been described, direct methods which do not request prior chromatographic separation are more and more used for metabolomics. The first application of this technique for fingerprinting crude extract was proposed in 1996 on a nominal mass resolution mass analyzer for the analysis of fungal extracts [42] . Since then, many applications have been described, mainly related to the introduction of high and very high resolution mass spectrometers (TOF-MS, FT-ICR-MS and Orbitrap) that provide efficient discrimination of molecular ion species in complex mixtures. In this respect, direct injection analysis (DIMS) describes the injection or infusion of a sample into the ionization source of the mass spectrometer without prior separation. This technique is commonly used with API techniques, predominantly ESI. Direct injection is a high-throughput approach, allowing a sample to be processed within a few minutes. The short analysis time increases intersample reproducibility and improves the accuracy of subsequent cluster analysis [11] .
Sample introduction can be performed via a syringe pump or in an automated manner using autosamplers to introduce the sample as a plug into a flowing stream supplied by flow injection or LC pumping systems. A range of powerful mass spectrometers generally operating with high mass resolution and mass accuracy provides an information content by the detection and preliminary identification of a high number of metabolites [13] . High mass accuracy gives molecular formula information and thus a greater possibility to identify metabolites. On highend FT-ICR-MS instrument, sup-ppm mass accuracies can be obtained [43] . However, great care should always be taken since more than one metabolite (structural isomers) have identical or similar accurate masses. Complementary structural information can be obtained through tandem MS (MS/MS) experiments performed on specific ions.
Data treatment
Raw data from any of the 'omic' fields are an eventual source of information and in turn a source of knowledge [44] . However, to make the leap from one to the next requires considerable data processing and statistical analysis, as well as suitable data storage formats [7, 45] . In the case of direct infusion MS, raw data are recorded as a single file corresponding to a specific sample and hyphenated data files are constituted by a set of mass spectra recorded in sequence. For the latter, each spectrum displays all the ions detected by the mass spectrometer during a given time lapse by associating a number of m/z with their intensities. Because the data structure is more complex, the processing of such raw data constitutes, therefore, the initial step of data handling. Its main goal is to extract the relevant information and recapitulate the multiple files in a single table. In this table, each sample should ideally be defined by the same number of variables and every variable must correspond to the same metabolite measured in all the samples of the dataset. This table can include either the m/z intensity information discarding the initial time information [time collapsing leading to total mass spectra (TMS)] or each of the m/z signals associated with its given time and intensity from each raw data file, corresponding to a complete signal integration throughout the acquired MS. With the development of metabolomic methods for the analysis of complex biological systems, values for concentrations of thousands of compounds are available in a single experiment and comparing samples has become a problem of high dimensionality. Since a high number of variables are measured, datasets not only become larger in size, but are also more complex, and, therefore, preprocessing of the data is required [46, 47] . This methodology could include numerous processing steps, such as noise filtering, data binning, peak detection and/or chromatographic alignment. This data processing procedure aims to generate homogeneous information allowing an appropriate comparison of multiple samples by statistical methods. Common successive data processing procedures are usually available in commercial solutions, including data filtering, peak detection, normalization and alignment. Several solutions exist as freely available software, where the simplest tools are tailor-made, for a specific task, like chromatographic alignment, while other software suites combine everything from instrument control to data analysis into a single package.
Extracting knowledge from these tables, revealing patterns among samples and identifying critical or discriminatory variables is not a straightforward task. Because changes in metabolite levels may be drastic or subtle, important statistical processing is mandatory to determine the relevance of an observed change. Data scaling and centering are classical pretreatment procedures intending to provide relevant data for further statistical analysis. Univariate statistical tests, such as Student's t-test, are used to identify relevant variables, but are, however, rather limited. Common chemometric tools, such as principal component analysis (PCA), used for projecting multivariate data to a low-dimensional plot, are generally proposed for display and exploratory analysis purposes. This method is useful by providing an overview of the pre-processed data. For further investigation, supervised approaches remain very attractive according to the strong impact of their use in human metabolomics. In this context, Partial-Least Squares (PLS) based techniques, including OSC pre-processing [48] , are, therefore, of utmost interest in plant metabolomics [49] . Finally, because the feature number is a key aspect that determines the data space, dimensionality reduction is often very useful when mining large datasets. Selection of a subset of representative features retaining the salient characteristics of the data is, therefore, a fundamental issue to build potent models, including variables with highly predictive abilities and avoiding the addition of uninformative or superfluous data.
Metabolite / biomarker identification
A central role of the metabolomic experiment is to collect analytical data and convert these to biological knowledge. For this, the identification of the metabolite of interest (biomarker) revealed by the data analysis represents a key process. However, this
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Natural Product Communications Vol. 4 (10) 2009 1423 is also one of the main bottlenecks of all metabolomic studies. MS-based approaches are very sensitive compared with those based on NMR, but the structure information that can be extracted from MS data is often not sufficient for de novo structure identification. Therefore, access to data bases is mandatory and the different approaches do not bring the same information.
Since in GC-MS most applications are performed using the EI mode, which provides very reproducible mass spectra, metabolites can be efficiently identified based on their fragmentation patterns after an adapted deconvolution procedure. In LC-MS, as mentioned, 'soft' ionization techniques are employed and very little structural information is obtained with the exception of the molecular ion. Using high mass accuracy instruments, molecular formula can be deduced, but this is often not sufficient for an unambiguous structure determination. In plants, if secondary metabolites are analyzed, a cross search based on molecular and chemotaxonomic information can limit drastically the hit possibilities. Retention time (RT) information can also be exploited, but this is much more difficult than in GC since retention factors are dependant on the type of column used and the mobile phase composition (organic modifier nature and content, pH). LC-MS/MS bring important complementary information that can be compared with libraries. Unlike EI, this type of MS/MS spectra will, however, strongly depend on the instrument used and are hardly universally applicable. The advantage of LC-MS it that, since biomarkers of interest can be efficiently localized in the LC chromatogram, and provided that enough sample is available, they can be isolated using a targeted procedure and subsequently identified by NMR. In this respect, the introduction of microflow-NMR methods [50] , such as Cap-NMR, provides excellent sensitivities that enable the characterization of natural products in the low microgram range [51] .
In DIMS, because there is no physical separation of the metabolites, structure elucidation is limited. In this case the structure assignment strongly relies on molecular formula assignment obtained with high mass resolution measurement and on complementary MS/MS experiments. For example, improvements in the identification of metabolites by searching a species-metabolite relationship database, such as KNApSAcK, and structural analyses by an MS/MS method have been shown to be very efficient in the study of Arabidopsis thaliana [52] .
MS-based plant metabolomics applications
Metabolomics has found applications in several domains related to plant biology and chemistry [1] . This approach was found particularly adapted to issues related to: (I) Fingerprinting of species, genotypes or ecotypes for taxonomic or biochemical (gene discovery) purposes [53] (II) Comparing and contrasting the metabolite content of mutant or transgenic plants with that of their wild-type counterparts [54] (III) Monitoring the behavior of specific classes of metabolites in relation to applied exogenous chemical and/or physical stimuli [6] (IV) Interaction of plants and environment [55] or herbivore/pathogens [56] , studying developmental processes such as establishment of symbiotic associations, fruit ripening or germination [57] (V) Quality control of medicinal herbs and phytopharmaceuticals [37] (VI) Activity of medicinal plants [36] , and health affecting compounds in food [58] .
Mutant characterization and taxonomy:
Metabolomics is very useful for the comparison of phenotypic mutants and to detect natural variations within a single species due to external factors. It offers the unbiased ability to differentiate genotypes based on metabolite levels that may or may not produce visible phenotypes. Metabolomics methods can also be used to decipher the biochemical causes or consequences of the observed phenotypes [1] . Thus, many mutants or cultivars have been compared based on a global survey of their metabolite content. From a taxonomy viewpoint, many plants belonging to a given genus or taxon can be compared for assessing common traits. Crop or medicinal plants cultivated in different locations and different conditions have been efficiently differentiated by this means. Levandi et al. utilized CE-MS to compare three lines of genetically modified maize [59] . Mutants from the model plant Arabidopsis have been compared and numerous compounds characterized in a study using capillary LC-MS [53] . Discrimination between cultivars was performed on many other plants, including food plants such as brocoli [60] , tomato [61] , potato [62] and soybean [63] , and wines from different varietals [64] .
Developmental processes:
The differentiation of vegetative growth stages based on metabolomics is also very helpful since a very important number of metabolites experience dynamic changes during germination, growth and ripening. In rice, for example, metabolomic data have been used to LC-MS Panax notoginseng [37] GC-MS Angelica acutiloba [75] investigate changes during tillering [65] , to reveal metabolic modulation in foliage [41] . GC-MS was used to investigate time-dependent metabolic changes in the course of germination [57] . In the case of medicinal plants, GC-MS followed by PCA was employed to discriminate Artemisia annua L. samples at different developmental stages [66] .
Stress response and interaction with environment:
Metabolomics is also a powerful tool for the study of biochemical variations induced by stress. According to Shulaev et al. [6] , metabolic profiling could in fact be the most important tool in identifying the early compounds that signal the perception of stress, because these would act even before any change(s) in the transcriptome or proteome could be detected. Significant discoveries have already been made in this field using metabolomics. In Arabidopsis cell cultures, a time-course metabolite profiling using GC-MS and LC-MS was performed after salt stress treatment [68] . GC-MS and CE-MS were used to study the abscisic acid-regulated response to dehydration in Arabidopsis [67] . The plant wound response was investigated in the same species by LC-MS followed by unsupervised and supervised data treatment tools [20] . The interaction between plants and insect herbivores was studied in cabbages using LC-MS [56] . Pedreschi et al. studied the response of pears to low oxygen conditions by GC-MS [69] .
Global metabolite composition studies:
Applications of such advanced analytical techniques, combined with efficient data treatment, also play an important role for plant extract characterization through extensive metabolite profiling [76] and drug discovery studies [36] . One of the often-perceived hurdles in natural product drug discovery is the possibility of redundancy [4] . The use of metabolomics has the potential to enable rapid dereplication of these complex plant samples [77] . For example, the metabolite composition of separated organs of strawberry flowers was investigated by LC-MS, allowing the tentative identification of several classes of metabolites [70] . Another study combined GC-MS and NMR to evaluate the composition of melon [71] . DIMS was employed for high throughput analyses of polyphenol composition in various berries [73] . Moco et al. reported the use of LC-MS and NMR combined with unsupervised data analysis to study the metabolic composition of tomato cultivars [72] .
Quality control assessment:
Finally, metabolomics has a strong potential in quality control and assessment of plants subjected to variations such as seasons, climate, soil, and cultivation procedures. Several studies have reported the use of LC-MS and GC-MS for quality assessment of different plant extracts. For example, Chan et al. compared raw and steamed Panax notoginseng extracts by LC-MS and found some discriminant markers that could be used in quality control [37] . Tianniam et al. performed metabolic profiling of Angelica acutiloba roots by GC-MS for quality assessment according to the cultivation area [75] . LC-MS was used to assess the quality of Japanese green tea samples and markers of interest were found [74] . However, Fiehn et al. demonstrated that the value of metabolomic data is strongly related to the quality of the protocols used at all steps of the experiments, from biological material cultivation and extraction to analysis conditions and data treatment parameters [78] .
Metabolomics for the study of the plant wound response: a case study
The possibilities offered by MS-based metabolomics are illustrated in more details by the example of a plant stress response study. The model plant Arabidopsis thaliana was submitted to wounding, which mimics herbivore attack, and a metabolomic approach was employed in order to search for significant wound markers.
In a first step [79] , extracts of two data classes, namely unwounded and wounded plants harvested after 90 min, were analyzed by LC-TOF-MS using very short columns (20 mm, 5 µm). The data generated by this approach were analyzed similarly to a direct infusion experiment (DIMS). Total mass spectra (TMS) were generated for each sample (8 independent samples for each physiological state) ( Figure 2A ) and data mining tools were applied in an attempt to discriminate the wounded samples from the unwounded ones. This could hardly be obtained, mainly because specimens from different days of cultivation were used and this dramatically increased the metabolic variations within the classes. Some interesting biomarkers were, however, detected and their molecular formulas were directly deduced from the high resolution TOF-MS data generated. In a second step [20] , UHPLC-TOF-MS was integrated to the methodology, enabling the high throughput analysis (metabolite fingerprinting) of numerous specimens harvested at various time points after wounding. Data were treated by taking advantage of both chromatographic and accurate mass information. An example of the 3D data generated for one of the leaf sample analyzed is illustrated in Figure 2B . Unsupervised ( Figure 3A ) and supervised ( Figure  3B ) data treatment methods were evaluated. As shown, a simple PCA of the data enabled a clear discrimination between wounded (90 min) and unwounded plants, while a visual comparison of the fingerprints obtained did not reveal any major differences. Supervised methods, such as OSC-PCA, provided very clear discrimination even between the different wound time points studied ( Figure 3B ). These data mining methods provided a list of significant metabolites (m/z vs RT) which represented the most contributive variables for the separation of the wound states. Some of these compounds were identified based on their molecular formula and additional MS/MS experiments and comparison with standards. They were found to be known signalling molecules, such as jasmonic acid (JA) and other related oxylipins [80] . Other biomarkers were unknown and could not be identified based on MS data alone. Thus, in a third step [51] , high resolution UHPLC using long gradient, coupled to TOF-MS, was used to localize precisely the unknown Figure 2B) ). Here, the high chromatographic resolution enables a good separation of closely related wound markers such as the four isomers of the ion at m/z 225. As shown, these ions were not present in unwounded plants (see inset). Their structures were obtained by target analysis and subsequent CapNMR characterization.
markers of interest (Figure 4) . The conditions used were then transferred to a semi-preparative HPLC scale in order to purify the compounds, which were characterized by capillary NMR (CapNMR). This microflow NMR method provides a very sensitive response and biomarkers can be analyzed in the low microgram range [81] . This strategy enabled a complete de novo structural characterization of many wound biomarkers. For example, four wound induced hydroxylated jasmonates sharing all the same molecular formula and MS fragmentations were efficiently separated by UHPLC-TOF-MS and were clearly differentiated by CapNMR [51] . These biomarkers were evidenced as a single m/z 225 ion in the previous approach used [79] (see inset in Figure  2A ). They occur as close positional isomers and diastereoisomers (Figure 4 ). The study of their accumulation profile that could be extracted from metabolomic data recorded over the various wound time points revealed a delay accumulation compared with jasmonic acid. From these data, it could be concluded that these hydroxylated derivatives are probably clearance metabolites of JA and this, among other observations, generated significant new biological knowledge on the wound response [82] . The developed approach proved to be a powerful tool for marker discrimination and identification and has been successfully utilized in other subsequent studies [83] [84] [85] .
Conclusions
While metabolomics was still in its infancy at the beginning of the millennium, about 10 years later this approach is mature and represents an important complement to the other 'omics' used in systems biology. MS-based metabolomics enables the sensitive fingerprinting and profiling of a very important number of metabolites. The recent progresses in hyphenated analytical methods, instrument resolution, reproducibility and simultaneous development of databases are responsible for the success encountered. The use of mass spectrometry in plant metabolomics will continue to grow massively in the field and it should be accompanied by further improvement in raw data filtering and deconvolution, and metabolite identification. NMR approaches [14, 18] are still and will remain very important for reasons of reproducibility, throughput and identification, and both methods are very complementary [19] . When applied to well-defined biological issues, metabolomic data can be efficiently transformed into new biological knowledge provided that correct experimental design, analytics, data mining and biomarker identification is performed.
In metabolomics it should not be forgotten that the current technologies give only a partial vision of the metabolome. This represents a snapshot of a given biological system at a given moment and it corresponds to the average response of many different cell types. The dynamics and flux of each metabolite represent also another dimension in such studies that have to be taken into consideration. In the future, compartmentation analysis of metabolism will play a major role in plant science to understand complex mechanisms that are triggered by chemically mediated events. For this, very precise investigation of specialized tissue is feasible based on laser dissection [86, 87] . The homogeneity of tissue generated by these methods is very high, but the amounts are often low and MS approaches for a sensitive multi-components detection in such samples can be strategic. When cells are specific for the production of a limited number of compounds they can also be elegantly analyzed by NMR [86] . For metabolomic localization studies, direct application of mass spectrometry with MS imaging can also represent a key tool and recently, the in situ and spatial imaging of biological tissues and cellular systems has been observed. The ability to provide spatial mapping of all metabolites simultaneously and correlate these changes to physical and temporal MS-based plant metabolomics Natural Product Communications Vol. 4 (10) 2009 1427 changes in concentrations has indeed the potential to provide a greater oversight and understanding of metabolism. In this respect methodologies such as matrix-assisted laser desorption ionization (MALDI) [88] can play an important role for analyzing plant tissue with a very high spatial resolution [89, 90] .
While metabolomics is gaining great interest among plant scientists, the approach however suffers limitations that are not to be underestimated. In the case of MS-based strategies there is still a need to increase the metabolome coverage, improve metabolite identification and reproducibility. For NMR-based metabolomics, the sensitivity and the number of metabolites observed remains a problem. One important difference between NMR and MS is that MS has usually limited possibilities of absolute quantification and is considered less reproducible than NMR for long term studies. This latter aspect can be due to the change of sensitivity related, for example, to contamination of the MS ionization source. Furthermore, ion suppression effects should be taken into consideration. Despite these limitations, MS represents an analytical platform that plays a major role in metabolomics and the very important number of applications published in the last years clearly demonstrates the importance and the usefulness of the technique.
The goal of metabolomics is the non-biased quantification and identification of all metabolites present in a biological system and it could not be attained with a single analytical method. The only way to circumvent such an issue is to combine different platforms and use multiple sample preparations. Only recently researchers have started to combine the advantages of MS and NMR spectroscopy [19, 82, 91] . With advances in data treatment, it becomes feasible to co-analyse multiple spectroscopic data sets acquired in parallel on the same samples by methods such as Statistical HeterospectroscopY (SHY) [15, 92] .
The important technological advances in biological sciences have notably strengthened the emerging field of systems biology. Although the complete understanding of living organisms at the molecular system level is far from reality, the comprehensive investigations of living organisms such as plants with the different 'omics' techniques represent an important step forward. Phytochemists who have always been involved in crude plant extract profiling and natural product identification have a key role to play in these new sciences. New avenues for research in the field of pharmacognosy for example are also emerging in relation to metabolomics [10, 93] . Problems related to the mode of action of medicinal herbs can be tackled form a holistic instead of a reductionist perspective [9] . The effects of complex mixtures such as multi-herb preparations in complex biological systems in relation to molecular pharmacology can be tackled with a new perspective and contribute to the development of scientific-based herbal medicines.
Many important results will continue to be found in various fields of plant science from metabolomics if the data generated are correctly transformed into biological knowledge. This represents an exciting domain where natural product chemists should play a key role in the years to come.
